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Local structure and vibrational properties of a'-Pu martensite in Ga-stabilized -Pu
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Extended x-ray absorption fine structure spectroscd¥AFS) is used to investigate the local atomic
environment and vibrational properties of plutonium and gallium atoms imthand § phases of a mixed
phase Pu-Ga alloy. EXAFS results measured at low temperature compare the structure of the mixed phase
sample with a single-phas®Pu sample. EXAFS spectral components attributed to botfPu ands-Pu were
observed in the mixed phase sample.lGadge EXAFS spectra indicate local atomic environments similar to
the PuL,-edge EXAFS results, which suggests that Ga is substitutional for Pu atoms in both the monoclinic
a'-Pu and the fc&-Pu structures. I#-Pu, we measure a Ga-Pu bond length contraction of 0.11 A with respect
to the Pu-Pu bond length. The corresponding bond-length contraction around &2afin is only 0.03 A.
Results from temperature-dependentlRu-edge EXAFS measurements are fit to a correlated Debye model,
and a large difference in the Pu-Pu bond Debye temperature is observed fot #rel 5 phasesf.p(a')
=159+ 13 K versusf.p(6) =120+ 3 K. The corresponding analysis for the @EXAFS determines a Ga-Pu
bond Debye temperature @ (5)=188+12 K in the 5Pu phase. These results are related to the observed
solubility of Ga in 5-Pu, the “stabilization” of -Pu by Ga at room temperature, and the insolubility of Ga in
a'-Pu.
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I. INTRODUCTION system, and which are addressed by the results of this study.

Here, we use a combined approach of optical microscopy

Plutonium can exhibit at least six different solid phasesand extended x-ray absorption fine structure spectroscopy
depending upon the temperature and alloying(EXAFS) to investigate the phase morphology and local
characteristics. The face-centered cubié phase is stable atomic environment of plutonium and gallium atoms for

from T=593 to 736 K in pure Pu. At room temperature anda reference Pu/Ga alloy before and after the o’ marten-

below, pure Pu exists in the monoclinicphase, which has a sijtic partial transformation. The element-specific nature of
complex structure with sixteen atoms in the unit cell. Smallexars and its lack of a requirement for long-range order in

additions of Ga can “stabilize” the phase in Pu down 10 he sample make it a suitable probe of the local structure
room temperaturé Upon further cooling of Ga-doped Pu, a surrounding the Ga and Pu atoms in a mix@®ula’-Pu

diffusionless martensitic transformation of the alloy OCCUTS o rix. Specific signatures atPu anda'-Pu are observed

1 0, -
for Ga_ concentrations below 3.3 at. %. However, the 'trar?sin the PuL - and GaK-edge EXAFS of the partially trans-
formation does not go all the way to completion, resulting in

. . formed alloy. The Ga-Pu nearest-neighbor bond lengths are
a mixed phase alloyIn the transformed regions, thstruc- determined i h of the ph d d1toth
ture, in which Ga atoms are soluble, changes toathstruc- elermined in each ottn€ phases and compared o the corre-

ture, in which Ga atoms are insoluble but effectively trappeoSporlding Pu-Pu bond lengths. By examining the thermal de-
due to the very slow diffusion rates of Ga in thematrix? pendence of the Debye-Waller factor of each phase compo-

This metastablea’ phase consists of Ga dopant atomsnent in the EXAFS data of the mixed phase alloy, pair-
trapped within a monoclinie-Pu matrix. specmq (Ga_—Pu or Pu-Pu Debye temperature®.p are
The transition from theSto thea’ phase results in a 25% determined in both thé-Pu anda’-Pu phases. A compari-
volume contraction. This large effect is believed to be due teson of the Debye temperatures of Ga-Pu and Pu-Pu bonds in
a change in the nature of the Pt Blectrons from delocal- €ach of the phases is related to the observed difference be-
ized (') to localized(8). Pu marks the transition in the tween the solubility of Ga i-Pu and the insolubility of Ga
electronic character of the actinides from the delocalized bein «'-Pu, and to the “stabilization” of the>-Pu phase by
havior of the light actinidegAc-Np) to the localized, lan- alloying with Ga.
thanidelike behavior of the heavier actinidesBecause of The outline of the paper is as follows. Details of sample
the large differences in the mechanical and electronic proppreparation and EXAFS experimental setup and data analysis
erties of the two phases, this compléx-«’ martensitic  are discussed in Sec. Il. The results of curve-fitting analysis
phase transformation in Pu-Ga alloys has been the subject ahd fitting the temperature dependence of the EXAFS
many experimental and theoretical studie$®1°The role  Debye-Waller factors to the correlated Debye model are pre-
of Ga in the transformation, its “stabilization” of thé-Pu  sented in Sec. lll. A discussion of the results in the context of
phase at room temperature, and its location in the resultinthe local atomic structure and the vibrational properties of
mixed &-Pul/a’-Pu material are several important issuesbonding in thea’ and § phases is presented in Sec. IV, and
which still need to be resolved in the understanding of thighe conclusions are given in Sec. V.
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sample contains 265% «’-Pu and 753:5% &-Pu by vol-
ume. Given the 25% volume difference between equal
masses of the two phases, this corresponds 1052% o' -Pu

and 7+5% &Pu by mass. In order to achieve the preferred
thickness for EXAFS transmission measurements, the two
bulk pieces were reduced in thicknesst@4 um in a series

of sawing, lapping, and mechanical polishing steps. In the
last step, the foils were electropolished down to the final
thickness of 8—1@«m, which also removed any accumulated
oxide material on the surface. All of these sample prepara-
tion steps were performed in an inert nitrogen atmosphere
glove box. The sample was then encapsulated under nitrogen
using a specially designed, triple containment x-ray compat-
ible cell, as described elsewhéfeThe triple-contained
sample was subsequently mounted in an open cycle liquid
helium flow cryostat for variable temperature EXAFS mea-
surements. Temperature measurement errors are within

K, and are stable within-0.2 K. EXAFS measurements be-
gan 22 days after the partidli—a’ phase transformation
was induced by the quench and isothermal hold.

B. EXAFS data acquisition and analysis

Plutonium L,,- and gallium K-edge x-ray absorption
spectra were collected at the Stanford Synchrotron Radiation
Laboratory(SSRL on wiggler side station beamline 4-1 un-
der normal ring operating conditions using a(320), half-
tuned, double-crystal monochromator operating in unfo-
cussed mode. The vertical slit height inside the x-ray hutch
was 0.9 mm, which reduces the effects of beam instabilities
and monochromator glitches while providing ample photon

FIG. 1. (Color onling Optical micrographs of the 1.9 at. % Ga- flux. The horizontal slits were set at a width of 1.8 mm,
doped Pu alloy, at two levels of magnificatide) 100%5-Pu alloy.  which is smaller than the diameter of the sam(@e3 mm).

(b) 75% &-Pu/25%a’-Pu by volume. The arrow ith) pointstoan  The Pul,,-edge spectra were measured in transmission

a'-Pu martensitic platelet. mode using Ar-filled ionization chambers. The ®aedge
spectra were measured in fluorescence mode using a four-
Il. EXPERIMENTAL DETAILS element Ge array solid-state detector developed at Lawrence

Berkeley National Laborator? The detector was operated

~25 kHz per channel and the Géux fluorescence line

All sample preparations were done at Lawrence Liver-was selected with single channel analyzer electronics.
more National LaboratoryLLNL) using bulk &Pu from a XAFS raw data treatment, including calibration, normal-
sample batch of two-year-ol@®®Pu alloy of known~1.9 ization, and subsequent processing of the EXAFS and
at. % Ga content. One bulk specimen of this reference allo)XANES (x-ray absorption near-edge structuspectral re-
was maintained in thé-Pu phase as a control, while another gions was performed by standard methods reviewed
specimen was quenched to 148125 °Q) and held at that elsewher&* using theExaFspak suite of programs devel-
temperature for 9 h. This temperature corresponds to theped by George of SSRL. Typically, two Pu transmission and
“nose” of the temperature-time-transformation curve for four Ga fluorescence XAFS scans were collected from each
~1.9 at. % Ga-doped-Pu alloy? For this Ga concentration, sample at each temperature and the results were averaged.
the selected temperature was the one at which#fu  The Pul-edge spectra were energy calibrated by simulta-
—a'-Pu martensitic transformation is expected to proceedeously measuring the absorption spectrum for the reference
most rapidly. Figure 1 shows optical micrographs of the unfpowder PuQ@, while the GaK-edge spectra were self-
transformed and partially transformed bulk samples. The unealibrated, due to the opacity of the sample-at0 keV
transformed sample contains the #&®u phase with no sig- photon energy. The energies of the first inflection points for
nificant amounts of other Pu phases present. In the partiallihe reference sample absorption ed@gswere defined at
transformed sample, the long, thin martensitic platelets ar&8053.1 eV(Pu L) and 10368.2 e(GaK). The EXAFS
characteristic of thex’-Pu phase, while the uniform matrix amplitudes were normalized relative to the smoothly varying
is &-Pu. Based on the micrographs, the partially transformeébsorption backgroundy(E). The background optimization

A. Sample preparation
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codeAuToBK (Ref. 15 was used to fiug(E) using a piece- v I LA NLEERAE RERR LR LR R
wise spline that minimizes the spectral weight of the EXAFS ( Avg
real-space Fourier transfor(fT) belowR<1.9 A.

Nonlinear least squares curve fitting was performed on Pus8
the k3-weighted data using thexAFSPAK programopPT. The
EXAFS data were fit using theoretical phase and amplitude
functions calculated from the prograrerrs.1developed by
Rehret al!®7 All of the Pu-Pu interactions were modeled
using single scatteringSS paths whose lengths were de-
rived from the Pu model structures determined from x-ray
diffraction, namely, unalloyed fca:Pu, a;,.=4.6371 A8
and unalloyed monoclinier-Pu, a=6.183 A, b=4.822 A,
c=10.963 A, B=101.79°° The Ga-Pu SS interactions
were modeled by using the same Pu model structures and
replacing the central absorbing atom with Ga.

The EXAFS data were smoothed with a Gaussian peak of
width Ak=0.12 eV in order to reduce the experimental noise Pu2
for better fitting. The amplitude reduction fac@@' was fixed
at a value of 0.55 for Pu and 0.85 for Ga, as determined from
our previous EXAFS measurement of a 3.3 at. % Ga-doped 0

Pu1
5Pu samplé! The energy shiftAE, was first varied for

each of the spectra in the data set, and then fixed at the I I I RSN AR SR A

»
o

Pu7
Pu6
Pub
Pu4

a
o

N
o

w
o

N
o

Pu3

k®-weighted EXAFS Amplitude

average over all of the data set for the final fit to determine > 4 6 8 10 12 14 18
the Debye-Waller factor§+6.2 eV for Ga,—20.0 eV for 2 1

Pu). The k ranges used for all but the highest temperatures K (A )

were[2.8, 12.5 A'1] for Pu and[2.6, 12.45 A'Y] for Ga. At .
higher temperaturesT&200 K) the higher end of thé (b)

range was truncated to11 A, since thermal effects damp
out the EXAFS signal at highek values. The EXAFS is
weighted by a factor ok® for the fits and for plotting the
data and their FT's. Overall, in the final fit, five variables
relating to three components were allowed to vary: three
bond distancegone in &Pu and two ina’-Pu), and the
Debye-Waller factors for the mais-Pu component and for
the short bond component of th€ - Pu. FixingSé andAE,

and using a consisterit range avoid correlation problems
betweenS; and the Debye-Waller factoks?, as well as be-
tweenAE, and the distanceR. Fixing these parameters and
the k range ensures a meaningful comparison of values for
the distances and Debye-Waller factors at different tempera-
tures in the following thermal Debye analysis.
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C. EXAFS modeling of @’-Pu phase

The o' metastable phase of Pu/Ga alloys consists of Ga
dopant atoms trapped in arPu matrix. Thea-Pu structure - Pu1
is unusual for a pure metal in that the nearest-neighbor dis- 0 u
tances form a distribution of values rather than one well-
defined value. This distribution varies for each of the eight

b b b b b i L

1 15 2 25 3 35 4 45 5

unique crystallographic sitg®ul—Pu8 The distribution of R+ A (A)
bond lengths in each site is split between féom average
shorter bonds of lengths 2.57-2.78 A and ten average FIG. 2. (Color onlind (8 Modeled k®-weighted GaK-edge

l .
longer bonds _Of Ien_gths 3.19-3.71"AIncluding all of these EXAFS and(b) corresponding Fourier transforniBT’s) over thek
bond lengths in a fit to the EXAFS data would not be meanyange[3.0 A2, 15.0 A 1] for Ga substituted in each of the eight Pu

ingful, so we chose to approximate the bond length distribusites(Pul-Pu8in «’-Pu. EXAFS were modeled using scattering
tion in a’-Pu by two component peaks in the EXAFS FT, phases and amplitudes calculated from the prograrFs.1at a
which correspond to the average short and long nearestemperature of 170 K. The top spectra(@ and(b) correspond to
neighbor bond lengthR,,; andR,,, respectively. the site-averaged spectra.

224206-3



NELSON, BLOBAUM, WALL, ALLEN, SCHWARTZ, AND BOOTH PHYSICAL REVIEW B67, 224206 (2003

The eighta'-Pu site structure$with either Pu or Ga as 2 T
the central atomwere simulated usingerrs.1(Refs. 16, 17 | 100% & (a) -
to give eight different EXAFS patterns, as shown in Fig. 2. | |
The effect of temperature was included usingbgeYe card PulL

Il

EXAFS

of FEFF8.1and a purea-Pu Debye temperaturé., of 201

K.2° The EXAFS spectra for all eight sites were averaged
with equal weights to produce the spectrum seen at the tops
of Figs. 2a) and 2Zb). The FT of the averaged model EXAFS
[top, Fig. 2b)] has two main peaks corresponding to the
short and long bond lengths described above.

As seen in Fig. 2, there is quite a large variation in the
model EXAFS spectra and in particular the model EXAFS
FT's for each of the Pu sites. Therefore, the site-averaged
EXAFS are expected to have considerable static disorder in
the short and long bond length distributions. In addition, de-
tailed examination of the Ga EXAFS far'-Pu should de-
termine if random substitution of Ga in each of the eight Pu
sites ina’-Pu is a valid assumption, or if there is preferential

—_
(&)}

Fitof (6 nes ()]

Fourier Transform Magnitude

population of one or several of the sites.

In order to determine appropriate starting parameters, i.e., 0.5 306 A
coordination numbeN, distanceR, and Debye-Waller factor - o short )
o? for these twoa’ shells, the site-averaged model-Pu L 262 A o' long
EXAFS data was fit as a function of temperature using a I \ 3;39 A

two-shell fit. Thek range ands3 were fixed to match that of
the experimental data, and the coordination numbers were

fixed atN,;=4 andN,,=10 in agreement with the site- 0

averaged coordination numbers @fPu. For each tempera- 115 2 25 3 35 4 45 5
ture, the ratio of the fit Debye-Waller factors for the two R+A ( A)

shells was determined. The Debye-Waller factor ratio was

found to be almost constant over the entire temperature

range, with values of2,/02;=1.64 and 1.60 for the Puand  FIG. 3. (Color onling Fourier transformgFT's) of the PuL,
Ga EXAFS, respectively. This ratio was then used to link theEXAFS data for the(a) untransformed100% &-Pu) alloy and (b)
Debye-Waller factors of theR,; and R,, shells for the partially transformed 70%-Pu/30%c«’-Pu alloy, along with the

a'-Pu part of the fit to the measured EXAFS of the mixed FT’s of the fits to the data(c) The three components of the fit in
phase alloy. part (b). The EXAFS for the untransformed sample is fit well by a
single 8Pu component aR=3.26 A, while the partially trans-
formed alloy has part of its spectral weight shifted to loReralues
Il RESULTS (R=2.62 A), and requires additional’-Pu components for an ac-
' curate fit to the data.
A. EXAFS data and structural results

Figure 3 compares the Pu, EXAFS FT's of the par- lar &Pu component, with the coordination number reduced
tially transformed(70% &-Pu/30% a’-Pu) 1.9 at.% Ga- to N;=8.4 (70% &-Pu). However, the peak in Fig.(B) at
doped Pu sample to that of the untransforni®@0% 5Py ~ R+A~2.5 A is not fit well with the singles-Pu component,
1.9 at. % Ga-doped Pu sample, measure@-afl50 K. The since the lowR shoulder of thes-Pu component does not
FT represents a pseudoradial distribution function, and itdave enough intensity at this shorter distance. The peak at
peaks are shifted to lowd values compared with real atom- R+A~2.5A is unique to the partially transformed sample.
to-atom distances. This a result of the phase shiftssoci-  Since the fit is improved by addinge -Pu short bond com-
ated with the absorber-scatterer interactions. The height gfonent atR,,=2.62 A, this peak can be attributed to the
the main peak aR+A~3.0 A is seen to decrease by30%  short bonds ina’-Pu, which range from 2.57-2.78 A in
for the partially transformed alloy relative to the 100%°u  length!® The coordination number for this component is
alloy, while the peak aR+A~2.5 A increases slightly for N,;=1.2, which is 30% of the average’-Pu short bond
the partially transformed alloy. The different behavior of coordination number of 4. In order to correctly model the Pu
these two peaks upon transformation suggests that more théwcal environment iro’-Pu, a longer bond component with
one component is required for the fit, as expected for &,,=3.36 A is included witiN,,=3.0, which is 30% of the
mixed phase sample. The EXAFS data for the untransformedveragex’-Pu long bond coordination number of 10. Figure
sample is fit well by a single nearest neighbor pealRat 3(c) depicts the three components used in the fit to the mixed
=3.28 A and a coordination number di,=12 (100% phase alloy. With the addition of the twe -Pu components,
5Pu), in agreement with the fcé-Pu structure. The main the reducedy? value decreases by more than a factor of 6
peak of the partially transformed alloy is fit well with a simi- compared to that for a single-component, 10@pu fit.
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ERARRRER RN RARRE R RD RN AR AR The first effect revealed by these data is the overall con-

71-100% & (a) traction of Pu atoms around the Ga sites ®Pu,
i R4(Ga-Pu)=3.17 A, relative to the environment around the
Ga K Pu sitesRs(Pu-Pu)=3.28 A. This contraction of about 4%
6 EXAFS (ARs=—0.11 A) is comparable to that observed by earlier

EXAFS studies ons-Pull?1-2

Secondly, both the Pu and Ga EXAFS demonstrate mixed
phase character and show the existence of short and long
bond components whose lengths agree with the expected av-
Y —~/ erage structure o&’-Pu. In addition, by comparison of the
- 30% o (b) measuredy’-Pu component bond lengths to the model EX-

AFS calculations shown in Fig. 2, the Ga ' -Pu best
matches the site-averaged spectra. This indicates that Ga at-
oms are randomly substituting for Pu atoms in the Pu
portion of this mixed phase sample.

Thirdly, the short and long bond lengths for thé-Pu
component are contracted for the Ga-Pu bonds with respect
to the Pu-Pu bonds, although less than in the caséRi:
AR,;=—0.03A andAR,,=-0.06 A. The smaller con-
traction around the Ga site im’-Pu relative to that in>-Pu
may relate to the solubility of Ga atoms in the respective
phases. This hypothesis can be further tested by measuring
the temperature dependence of the EXAFS Debye-Waller
factors, in order to determine the relative strength of the

a

T 1 T
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N
|

w

PR A R N N N

Fourier Transform Magnitude

PR R N M R R N |

0 Ga-Pu and Pu-Pu bonds in each of the phases.
1 15 2 25 3 35 4 45 5
R+A (A) B. Vibrational analysis
FIG. 4. (Color onling FT's of the GaK EXAFS data for thea) Figures %a) and 8b) show thek®-weighted Pu EXAFS

untransformed100% 8-Pu) alloy and(b) partially transformed 70% L, data and the corresponding FT's for the 7@ u/30%
&Pu/30%a’-Pu alloy, along with the FT’s of the fits to the data. «'-Pu sample as a function of temperature. As the sample is
(c) The three components of the fit in pab). The EXAFS for the  cooled from 293 to 13 K, the EXAFS amplitude increases
untransformed sample is fit well by a singlePu component @R systematically due to decreased thermal motion of the atoms
=3.18 A, while the partially transformed alloy has part of its spec-jn, the |attice. This effect is equally visible in the correspond-
tral weight shifted to loweR values R=2.61 A), and requires ., FTs A the temperature is lowered, the intensities of the
additionala’-Pu components for an accurate fit to the data. . . .
FT peaks increase dramatically, and higRepeaks appear,

Thus with EXAFS we have identified the signatures of bothcorresponding to neighboring atoms in more distant shells.
the 8 and a’ local environments of Pu within this mixed These peaks are consistent with those expected fos-the
phase alloy. fcc lattice. No peaks are readily discerned in the FT at Iigh

A comparison of the G& EXAFS for the untransformed for the outer shells of the’-Pu lattice, due to the distortions
and partially transformed samples is given in Fig. 4. Similarin the «’'-Pu phase. The first shell Pu-Pu peak seefr at
to the case of the Pu EXAFS, the main peakRat A +A~3.0 A corresponds to 12 Pu near neighbors indfu
~3.1 A is seen to decrease by30% for the partially trans- fcc structure. The second and third shell peaks-4t3 and
formed alloy relative to the 100%-Pu alloy, and the peak at 5.4 A which correspond to real interactions at 4.64 and 5.68
R+A~2.6 A decreases slightly for the partially transformedA are clearly affected by thermal effects and become distin-
alloy. A single-component 100%-Pu fit underestimates the guishable only foilT<80 K. These results for th&Pu com-
peak atR+A~2.6 A, and the fit of the Ga EXAFS for the ponents of the EXAFS are similar to our previous Py
mixed phase sample is improved by including the wePu  EXAFS thermal series taken on a 3.3 at. % Ga-dopdil
components. This indicates that the Ga atoms are present gample'!
both the &Pu anda’-Pu phase within the sample. The co- The most dramatic effect depicted in this data set is the
ordination numbers were fixed to the same values for botldifference in the temperature dependence between the Pu-Pu
Pu and Ga EXAFS, i.eN;=8.4,N,;=1.2, andN,,=3.0, Debye-Waller factorg? for the 5-Pu ande’-Pu components
which assumes that the Ga did not migrate substantially fronof the fits. This is demonstrated in Figl by the changes in
one phase to the other upon or after transformatibor the  the relative sizes of the peaksRi# A~3.0 A (mostly 5-Pu
Ga K EXAFS case, the reduceg?® value of the three- in characterand atR+A~2.4 A (mostly «’-Pu in charac-
component fit to the data is 35% less than the correspondinigr as the temperature is increased. At low temperatures, the
value for the single-component 1008Pu fit. &-Pu peak dominates the EXAFS FT, but this peak broadens
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FIG. 6. (Color onling (a) Ga K-edgek3-weighted fluorescence

FIG. 5. (Color onling (a) PuL,-edgek3-weighted transmission EXAFS data andb) FT's of the EXAFS for the partially trans-
EXAFS data andb) FT's of the EXAFS for the partially trans- formed 70%d5-Pu/30%¢a’-Pu alloy. For each plot, the solid line is
formed 70%45-Pu/ 30%a’-Pu alloy. For each plot, the solid line is the data, and the dashed line is the three-component fit to the data.
the data, and the dashed line is three-component fit to the data. FTRI's in (b) were taken over th& ranges shown infa). Note the
in (b) were taken over thieranges shown ia). Note the change in  similarity of the relative FT peak heights of th®and @’ compo-
relative FT peak heights of thé and o’ components aR+ A nents aR+A~3.1 A and 2.6 A, respectively, throughout the tem-
~3.0 A and 2.4 A, respectively, throughout the temperature rangeperature range.
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TABLE I. PuL-edge EXAFS fitting results. EXAFS data were fitted overkhange[2.8, 12.5 A*] by
three components, one for thePu phase nearest neighbor shell and the other two for the short and long
nearest neighbor bonds i -Pu. The fractional populations of the two phases are 3P4 and 30%’-Pu
by mass, as deduced from optical microscopy. The coordination numbers were scaled by the fractional
populations and fixed &t ;= 8.4 (70% of 12, N, =1.2 (30% of 4, andN ,,= 3.0 (30% of 10. S5 andAE,
were fixed at 0.55 ane-20.0 eV, respectively, and the ratio of the Debye-Waller factors for the short and long

a'-Pu components was fixed af’,/o2,=1.64 as determined by two-component fitsd6-Pu EXAFS
simulated usingrerr

&Pu sheft First «’-Pu shell Second:’-Pu shell

Sample Pu-Pu Pu-Pu Pu-Pu Pu-Pu Pu-Pu Pu-Pu

temp. (K) Rs (A) o5 (A% Ra1 (A) o2y (R?) Raz (A) o’y (A?)

13 3.276 0.002 36 2.628 0.003 28 3.411 0.005 35
30 3.280 0.002 95 2.633 0.003 74 3.435 0.005 98
50 3.281 0.003 31 2.623 0.003 99 3.457 0.006 52
80 3.276 0.004 41 2.632 0.004 47 3.426 0.007 32
110 3.275 0.005 96 2.624 0.004 51 3.414 0.007 39
150 3.276 0.007 92 2.627 0.005 54 3.423 0.009 06
175 3.276 0.009 86 2.626 0.007 67 3.419 0.012 56
200 3.272 0.010 83 2.629 0.007 00 3.418 0.011 45
293 3.267 0.01510 2.634 0.009 34 3.418 0.015 28

3Errors inR and o are estimated to be0.005 A and+10% based on EXAFS fits to model compounds, cf.
Ref. 14.

and decreases in height more rapidly than dfePu peak, intensities of the peaks &+A~3.1A (mostly &Pu in
such that at room temperature the two peaks are of almosharacter and atR+A~2.6 A (mostly a’-Pu in character
equal intensity. is almost unchanged as the temperature is increased. This
The GaK-edge rawk3-weighted EXAFS and correspond- indicates a similar temperature dependence of the Ga-Pu
ing FT's are shown in Figs.(6) and Gb). The spectra are bond vibrational amplitude in both’-Pu and5-Pu phases.
dominated by the peak &+ A~3.1 A, attributed to the first The curve-fitting results summarized in Tables | and Il
shell Ga-Pu interactions within th&Pu part of the sample. serve to quantify the different temperature dependent and
At lower temperaturesT<50 K), the FT's reveal second static structural effects for the Pu and Ga sites in this mixed
and third shell Ga-Pu interactions #Pu near 4.4 and 5.4 A. phase material. At each temperature, the Pu and Ga EXAFS
Unlike the Pul,, EXAFS FT's, the ratio of the relative data were fit with a singlé-Pu component and twa'-Pu

TABLE Il. Ga K-edge EXAFS fitting results. EXAFS data were fitted overkftange[2.6, 12.4 A1] by
three components, one for thiePu phase nearest neighbor shell and the other two for the short and long
nearest neighbor bonds irf -Pu. The fractional populations of the two phases are &Pa and 30%x’-Pu
by mass, as deduced from optical microscopy. The coordination numbers were scaled by the fractional
populations and fixed & ;= 8.4 (70% of 12, N,;=1.2 (30% of 4, andN ,,= 3.0 (30% of 10. S5 andAE,
were fixed at 0.85 and-6.2 eV, respectively, and the ratio of the Debye-Waller factors for the short and long
a'-Pu components was fixed af’,/o2,=1.60 as determined by two-component fitsd6-Pu EXAFS
simulated usingerr

5-Pu sheft First a’-Pu shell Second:’-Pu shell
Sample Ga-Pu Ga-Pu Ga-Pu Ga-Pu Ga-Pu Ga-Pu
temp. (K) Rs (A) o5 (A% R.1 (A) o%y (A% R.2 (A) aly (A%
13 3.174 0.00591 2.598 0.00591 3.354 0.009 47
50 3.178 0.004 69 2.589 0.005 35 3.370 0.008 58
80 3.178 0.005 22 2.624 0.004 97 3.346 0.007 97
110 3.173 0.008 03 2.598 0.007 16 3.330 0.011 48
150 3.176 0.009 50 2.607 0.009 01 3.342 0.014 45
293 3.172 0.016 60 2.608 0.014 17 3.388 0.022 74

% rrors inR and o2 are estimated to b&0.005 A and+10% based on EXAFS fits to model compounds, cf.
Ref. 14.
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T from static(structural disorder and not thermal disorder. The
0.016 - Py-Pu crossover temperature at which the Debye-Waller factors for
i the § anda’ components are equal is n€éb= 80 K.

To study these thermal effects more carefully, the tem-
perature dependence of the EXAFS Debye-Waller factors is
modeled by employing the correlated-Debye model to deter-
mine the Debye temperature. This formalfént° previously
has been used to determine the pair-specific Debye tempera-
tures for Pu-Pu and Ga-Pu bonds in 3.3 at.% Ga-doped
single-phases-Pul! For the mixed phase sample, we use
EXAFS to separate the differing thermal dependencies of the
nearest neighbor interactions irf -Pu andé-Pu. Using this
formalism, we obtain the fits shown in Fig. 7. The fit of the
model to the data is very good for both phases, indicating
that the local pair vibrations can be described using the

i correlated-Debye model. From these fits, we determine pair-
0.000 === ‘5‘0‘ — ‘1(‘)0‘ — ‘1‘50‘ — ‘2;0‘ — ‘2‘50‘ o specific correlated-Debye temperatugeg of 120+ 3 K and
159+ 13 K for the Pu-Pu first shells ia-Pu anda’-Pu, re-
Temperature (K) spectively(Table Ill). The value foré-Pu is consistent with
Debye temperatures faf-Pu (105-132 K, Ref. 1] deter-

FIG. 7. (Color onling Plot of Debye-Waller factor vs tempera- mined in other studies. The value of the Debye temperature
ture for first shell Pu-Pu bonds ia’-Pu andé-Pu as determined  for o’-Pu, which has not been reported previous to this
frpm fits to the PuL,”.-edge EXAFS. The data are plotted along work, is similar to that of pure-Pu (160—200 K, from Ref.
with fits generated using the correlated Debye model. 26). The T=0 intercept of the plot o2 versus temperature

equalso?, -+ o2py, Whereosp,, is the quantum zero-point
components, with the same fixed parameters, constraints, affbotion of the atoms in the bond. From the correlated Debye
fit variables Rs, Ra1, Raz, 05, ando?y) as the fits in Figs. fit, the static disorder Debye-Waller factors for Pu-Pu bonds

A
[=}
=)
=
N

0.012
0.010
0.008
0.006

0.004 |

Pu-Pu Debye-Waller factor o (A?)

0.002 |

3 and 4. in &Pu and a'-Pu are oZ,{Pu-Puins-Pu)=0.0002
The values of the bond lengtiis, R,y, andR,, do not =+ 0003 andy?,( Pu-Pu ina’-Pu)=0.0021+ 0.0006. The
change dramatically with temperature. In addition, the fixed 2 o

coordination numbers corresponding to a 7@Pu/30% near-2eraug,, value for fcc &Pu and the large value for
monoclinic o’ -Pu reflects the differing degrees of asymme-

"-Pu phase composition produce high-quality fits with sys- ™. .
o P P P g4 y y try in the local structure of these two unit cells.

tematically increasing Debye-Waller factors over the entire
temperature range, indicating that the relative fractions of the 1€ temperature dependence of the Debye-Waller factor

«’-Pu and&-Pu phases do not change significantly as thef theé Ga-Pu components im’-Pu andé-Pu was also ana-

temperature is changed. This is consistent with ga@u  lyzed. Here, the Debye temperaturés, are equal to 188

—a’-Pu transformation being essentially complete for this* 12 K and 20315 K for the Ga-Pu first shells i&-Pu and

alloy over the time scale of the pre-experimental@’ -Pu, respectivelyTable Ill). Within experimental error,

treatment 2 In addition, the relative Ga population in the the measured Debye temperatures for the Ga-Pu bond in both

two phases does not change with temperature. The Pu andPu anda’-Pu are equal to the previously reported value of

Ga EXAFS were measured again in a later experiment, afte202.6-3.7 K for a single-phase 3.3 at. % Ga-dopé&dPu

the sample sat at room temperature for eight months. Upoalloy.!* Unlike the case for the Pu-Pu bond, where the Debye

comparing the results of the two experime(#8 days versus temperatures and consequently the bond strengths are quite

9 months after the initiab— «' transformation no signifi-

cant change was observed in the relative intensities’ePu TABLE IIl. Debye temperature®), in K and static disorder

and 6-Pu components in the EXAFS from either element.pepye-waller factors2,.in A2 for the Ga-Pu and Pu-Pu bonds in

This observation confirms that under ambient conditions, th@oth thea’-Pu ands-Pu phases as determined from the fits of the

diffusion rate of Ga “trapped” ina’-Pu is very slow? temperature dependence of the EXAFS component Debye-Waller
The values ofr? for the a’-Pu andd-Pu EXAFS compo-  factors to the correlated Debye model.

nents increase with temperature consistent with greater ther

mal disorder, as expected. However, according to Table I, the Pu-Pu bond Ga-Pu bond

Pu-Pu first shell for&-Pu shows much greater disorder at p p 5 5

higher temperatures than the corresponding Pu-Pu shell fah@se oo (K)  05ianc AY  bep (K)  0gaic (A

a'-Pu. In contrast, at low temperatures, the Debye-Wallergp, 126-3 K 0.0002 188+ 12 K 0.0015

factor for «’-Pu is larger than fob-Pu. This can be under- +0.0003 & +0.0009 &
stood from the lower symmetry of the’-Pu structure rela- ,/-py 15313 K 0.0021 203+ 15K 0.0023
tive to well-ordered fccs-Pu, since at the lowest tempera- +0.0006 & +0.0008 &

tures, the main contribution to the Debye-Waller factor is

224206-8



LOCAL STRUCTURE AND VIBRATIONAL PROPERTIE . . . PHYSICAL REVIEW B 67, 224206 (2003

different for thea’-Pu ands-Pu phases, there is less dispar-  TABLE IV. Force constantg in dynes/cm for the Ga-Pu and

ity in the Ga-Pu bond Debye temperatures and bondu-Pu bonds in both the’-Pu ands-Pu phases as determined from
strengths for the two phases. the fits of the temperature dependence of the EXAFS component

Debye-Waller factors to the correlated Debye model.

IV. DISCUSSION Force constantg (10*
dynes/cm
In &Pu, the Ga-Pu bond Debye temperature is much feapd frupu
larger than that of the Pu-Pu bonds, which is consistent witPhase Pu-Pu bond Ga-Pu bond ratio
i 1 11
previous observations on a 3.3 at. % Ga-dopdRl alloy: SPU 307015 338043 110-0.15

In a@’-Pu, the Ga-Pu bond Debye temperature is also Iargecry,_F>u 5 36-0.88 3.91-0.58 0.73-0.16
than the Pu-Pu bond Debye temperature, but the difference IS ¢ . | ' ' ' ' '
. >1f, ratio 0.57-0.10 0.87:0.17
not as large as il#-Pu. The Debye temperatute, may be
directly related to the force constaft of the bond vibration

through the relatiof{*?® the Ga-Pu bond strength decreases only by 15% in going
from «’-Pu to &Pu. Given that the measured Pu-Pu bond
fE=,u(o_787wD)2=0_62(pk§0§D/ﬁ2, (1) strength changes dramatically in going fram-Pu to 6-Pu

while the Ga-Pu bond strength does not, and that the changes

where the reduced magsis equal to 54.0 amu for the Ga-Pu in the Pu-Pu bond strength may be related to the localization/
bond and 120.0 amu for the Pu-Pu bond. The constant 0.78Jelocalization of Pu & electronic charge, these results may
arises from assuming the relationship between the Debye arsliggest that the solubility or insolubility of Ga i#Pu and
Einstein frequencies for an fcc lattié&which is an average «’-Pu, as well as the difference in stability of téePu and
of the high- and low-temperature trends. Table IV comparest’-Pu phases, is due to the localization or delocalization of
the relative sizes of the force constants for the Ga-Pu andharge in the Pu matrix, rather than changes in the Ga-Pu
Pu-Pu bonds in botla’-Pu ands-Pu environments, as well bonding. This assertion is supported by the observation that a
as the ratios of the force constants across types of bond af#mber of other elements—e.g., Al, In, Sc, and Ce—can be
across Pu phases. interchanged for Ga with the same effect of stabilizing the

The most interesting comparison is the ratio of Ga-Pu to>PU phase over a broader temperature rafige.
Pu-Pu force constants in th€ -Pu and&-Pu phases, as this
provides information on the role of Ga in the degree of sta-
bility of both of these phases. F@&Pu, the Ga-Pu bond is
similar or marginally stronger than the Pu-Pu bond. Thus the Ga-Pu and Pu-Pu bond distances and vibrational ampli-
Ga-Pu bond has a strengthening role in the formation aneudes in both thex’ and § phases of a partially transformed
“stabilization” of the &Pu phase. This result was also seen(70% &-Pu/30%a’-Pu) 1.9 at. % Ga-doped Pu alloy were
in the EXAFS study of the 3.3 at. % Ga-dopédPu alloy!’  determined as a function of temperature from the thermal
however, in that case the Ga-Pu force constant wa8%  behavior of the PuL,- and GaK-edge EXAFS. Ga-Pu
stronger than the Pu-Pu force constant. In the casg &?u, bonds are contracted 0.11 A with respect to Pu-Pu bonds in
the Ga-Pu force constant is30% weaker than the Pu-Pu the &Pu portion of the sample, while in’-Pu the Ga-Pu
force constant. The weaker Ga-Pu bond strength suggedt®nd contraction with respect to the Pu-Pu bonds is smaller
that Ga does not strengthen the surroundirBu structure, in magnitude(0.03 A). The similarity of the Pl - and Ga
and agrees with the observation that thé-Pu phase is K-edge EXAFS in each phase indicates that Ga is substitu-
metastable and that the randomly substituted Ga sites maional for Pu in boths-Pu anda’-Pu. A comparison of the
eventually diffuse out ofr’'-Pu, or possibly order into lower Ga EXAFS data with modeled EXAFS data of Gaah-Pu
energy sites within ther’-Pu structuré® However, as seen indicates that Ga atoms are substituting randomly for Pu at-
from the lack of change in the data after eight months, thems in thea'-Pu phase. The lack of change in the Ga EX-
kinetics of this Ga diffusion is very slow under ambient con-AFS components after eight months indicates the diffusion
ditions. Thus, from the thermal dependence and phase spedaf the Ga froma’-Pu to &Pu at ambient temperatures is
ficity of EXAFS, we can directly measure bond propertiesvery slow. Due to the large difference in nearest neighbor
which may be related to the change in role of Ga atoms fronbond lengths in the two phases, the thermal behavior of the
a phase “stabilizer” in &Pu to an insoluble dopant «' andécomponents may be resolved by EXAFS. From the
“trapped” in a’-Pu. temperature dependence of the EXAFS components for the

By comparing the force constants of the different bondsphases, a large difference in the Pu-Pu bond Debye tempera-
across the two phases, we can determine how these changese is observed for ther’ and 6 phases:f.p(a’)=159
in stabilization arise. The Pu-Pu bond strength is 40%* 13 K versusf.p(8) =120+ 3 K. To our knowledge, this is
smaller in &Pu than ina’-Pu. Since bonding that is more the first measurement of the Debye temperatureafeiPu.
covalent and delocalized is in general stronger than mor@he corresponding analysis for the GEXAFS determines
ionic and localized bonding, the measured difference ira Ga-Pu bond Debye temperatureff,(8) =188+ 12 K in
Pu-Pu bond strengths may be related to the localizatiorf of 5the &Pu phase, andd.p(a’)=203+15K in the a’-Pu
electronic charge i-Pu as compared to the more delocal- phase. The Pu Debye temperatures determined by EXAFS
ized metallic character offselectrons ina-Pu® In contrast,  for Ga-containingz’-Pu ands-Pu are consistent with those

V. CONCLUSION
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